ABSTRACT Experiments conducted in three almond, Prunus dulcis (Rosales: Rosaceae), orchards and three pistachio, Pistacia vera (Sapindales: Anicardiaceae), orchards in 2009 and 2010, and determined that sticky bottom wing traps baited with ground pistachio mummies, or a combination of ground pistachio plus ground almond mummies, trapped more adult female navel orangeworm, Amyelois transitella (Walker) (Lepidoptera: Pyralidae), than did traps baited with ground almond mummies alone. During both years of this study, 2.9 and 1.8 more moths were caught in traps baited with pistachio mummies compared with traps baited with almond mummies in almond orchards and pistachio orchards, respectively. Also, traps located in pistachio orchards caught 5.9 and 8.3 times more navel orangeworm than were trapped from almond orchards in 2009 and 2010, respectively. Implications for use of this novel baited trap in almond and pistachio orchard integrated pest management programs are discussed.
vative estimates of navel orangeworm yield reduction, not including management costs, can often exceed 1% on these crops annually, which had an estimated combined value of US$3.6 billion in 2009 (USDA 2010) . Variables, such as type and timing of pesticide applications and "mummy" nut density (nonharvested nuts that remain in the tree after harvest) can be manipulated through grower practices and pest management strategies to limit navel orangeworm damage (Zalom et al. 1984 , UCIPM 2010 . Additional inßuen-tial variables such as environmental conditions and public policy are outside the scope of grower management and set the upper and lower limits on CaliforniaÕs seasonal navel orangeworm carrying capacity.
Current increases in pistachio acreage statewide Siegel 2009, USDA 2010 ) have elicited new questions regarding navel orangeworm biology and seasonal phenology in an increasingly complex agricultural landscape mosaic (Higbee and Siegel 2009) . Recently, a grade-school science project determined that navel orangeworm females deposited more eggs on egg traps baited with pistachio nut meats compared with traps baited with almond and walnut meats (Garvey 2009 ). Results of this school science project have catalyzed changes in the direction of the University of CaliforniaÕs navel orangeworm research program. From an integrated pest management (IPM) perspective, if navel orangeworm adult females prefer pistachios over almonds, this information could have implications for monitoring navel orangeworm ßight activity with baited traps in the Þeld.
The standard industry navel orangeworm monitoring device is an egg trap comprised of a clear or painted black, 25 dram plastic vial Þlled with attractive host plant material, vented, and hung in a tree 1Ð2 m above the ground, where female navel orangeworm can land on the exterior of the trap and deposit eggs on its outer surface (Rice et al. , 1984 Rice 1976; Van Steenwyk and Barnett 1985; Sanderson and Barnes 1990; Kuenen et al. 2008) . Egg traps are monitored for navel orangeworm eggs weekly, and the subsequent egg counts are used to determine navel orangeworm bioÞx for degree-day calculations and timing of pesticide applications (Kuenen et al. 2008) . Inaccurate estimates of navel orangeworm population density are the major limitation of relying on egg traps. Three factors can contribute to the inaccurate estimates: 1) the presence of excessively high or low competition from other suitable oviposition Þeld materials proportional to the density of the navel orangeworm population, 2) variation in the number of eggs deposited per female per week, and 3) long-distance ßight capabilities of gravid females.
Egg trap deployment in orchards is recommended as early as March and traps remain deployed through harvest in August and September (UCIPM 2010). Interestingly, the attractive components (nut meats) in the egg trap are naturally present for two months or less before harvest in almonds. The seasonal phenology of pistachios is similar albeit asynchronous compared with some almond cultivars, with attractive and susceptible nut meats present for less than two months before harvest (Ferguson et al. 2005) . During the remainder of the seasonal phenology of both crops, the naturally occurring hosts for navel orangeworm development are the nonharvested nuts left in the trees (Caltagirone et al. 1968 ). These navel orangeworm host substrates are not likely to have a static odor proÞle for the remaining 10 mo of the year, but rather are dynamic and changing with variations in biotic and abiotic factors including pathogen and pest infestations in conjunction with the changing environmental conditions.
Because of sanitation, mummiÞed nuts are often present at extremely low densities and the success of overwintering navel orangeworm generation is tightly linked to the ability of the gravid female navel orangeworm to Þnd them in the spring (Caltagirone et al. 1968 , Meals and Caltagirone 1971 , Higbee and Siegel 2009 ). Previous experimentally determined recommendations were for two or fewer mummies per tree in almond orchards at the start of the growing season (Zalom et al. 1984 , UCIPM 2010 , more recently and at orchards in Kern County, CA, this number of mummies per tree threshold seems to need revision to a lower rate (Higbee and Siegel 2009) . Current research suggests that pistachio growers also can beneÞt from mummy sanitation (Higbee and Siegel 2009 ), but no threshold number of mummies per tree has been determined at this time. Because the density of mummies per ha is often very low and the success of the navel orangeworm spring and a portion the summer generation rely solely on the ability of the gravid females to Þnd these mummies to sustain the population, we suspected there should be a high level of Þdelity between mated female moth oviposition and mummies. This relationship between mummies and navel orangeworm infestation has been investigated many times and is the basis of the egg trap as well as the original chemical ecology research (Price et al. 1967 , Rice 1976 , Curtis and Clark 1979 , Van Steenwyk and Barnett 1985 , Phelan and Baker 1987 . Based upon this relationship, the authors hypothesized that moths emerging from almond mummies, in almond orchards, would have a search bias for almond mummies compared with pistachio mummies and that the converse also would be true for navel orangeworm in pistachio orchards. This is known as HopkinsÕ host selection principal (Barron 2001) , in which the larval host conditions the adult oviposition preference.
The objective of this study was to determine whether 1) traps baited with almond mummies caught more navel orangeworm moths than traps baited with pistachio mummies in almond orchards and 2) traps baited with pistachio mummies caught more navel orangeworm moths than traps baited with almond mummies in pistachio orchards. Also, traps baited with a combination of almond mummies and pistachio mummies were included to determine whether a synergism or antagonism was present.
Materials and Methods
Field experiments were conducted in 2009 at three Kern County, CA, almond producing ranches, hereafter referred to as A1, A2, and A3; and three Madera County; CA, pistachio producing ranches, hereafter referred to as P1, P2, and P3. The study was repeated at the same six Þeld locations in 2010.
Field Sites. Field sites were selected based on history of navel orangeworm presence. Field A1 consisted of 22 individual blocks (deÞned as a contiguous area of trees surrounded on the perimeter by a vehicle access road) containing Butte and Padre hard shell cultivars and was Ϸ600 ha in size. Field A2 consisted of 17 individual blocks of Nonpareil, Carmel, Monterey, and Fritz soft shell cultivars and was Ϸ750 ha and was adjacent to Þeld A1 on its southern border. Field A3 consisted of two soft shell blocks interspersed with two hard shell blocks and was Ϸ100 ha. Cultivars present at Þeld A3 were ÔButteÕ, ÔPadreÕ, and ÔMissionÕ in hard shell blocks, and ÔNonpareilÕ, ÔSonoraÕ, and ÔFritzÕ in soft shell blocks.
In 2009 Pistachio ranches P1, P2, and P3 used during these experiments consisted of the Kerman cultivar. P1 was Ϸ400 ha, whereas P2 and P3 were Ϸ100 ha each. In 2009 and 2010, P1, P2, and P3 were treated in April, with permethrin (181 g [AI]/0.4 ha) for management of seed and plant bugs (Hemiptera: Lygaeidae and Miridae, respectively).
All almond and pistachio ranches were treated with conventional fungicides for the management of blossom diseases, and pistachio ranches were treated later in the season for the management of panicle blight, Botryosphaeria dothidea. In 2009, all pistachio ranches were treated with permethrin (181 g [AI]/0.4 ha) after the conclusion of this experiment in August for perceived economically damaging levels of navel orangeworm eggs on the split nuts, whereas in 2010 no such treatment was applied.
Treatments. At each of the three almond and three pistachio Þeld sites Þve trapping locations were selected, for a total of 15 locations in almonds and 15 locations in pistachio. The criterion for selection of trapping locations was based on weekly routine monitoring of navel orangeworm egg traps in 2008 and proximity to other commodities and cultivars. At each trap location, three treatments of baited traps were randomly assigned to an individual tree. Treatments were separated by a radius range of 17Ð21 m, depending on row and tree spacing and direction of the row planting (e.g., north, center, and south, or west, center, and east in orientation). The treatments consisted of standard Biolure (Suterra LLC, Bend, OR) sticky bottom wing traps and tops, baited with 1) 25 drams (by volume) of ground almond mummies only, 2) 12.5 drams of ground almond mummies plus 12.5 drams of ground pistachio mummies, or 3) 25 drams of ground pistachio mummies only. Both almond and pistachio mummies were Þeld collected in January and February 2009 and 2010, ground twice using an industrial chipper, mixed thoroughly, and stored in sealed plastic containers at ambient temperatures under an outdoor awning until March. Entire mummies were used, which included hulls, shells, nut meats, and some small portions of stems. Mummies of both pistachio and almond were infested (Ͼ10%) with navel orangeworm larvae and were blackened on the exterior due to decay and colonization by fungal pathogens. Treatment bait-holding mesh bags were prepared, Þlled, and supplied by Peterson Trap Co. LLC (Visalia, CA). In summary, a grand total of 45 traps were in almond orchards and 45 traps were in pistachio orchards. Each individual orchard had Þve replicates of each bait type (one per location) for a total of 15 replicates per treatment per orchard type.
Trap Observations. For both years of this study, all traps in all Þelds were observed weekly. At each observation, counts of female navel orangeworm moths trapped were recorded, and the total number of moths per trap tallied. Moths and other debris, such as leaves and abscised nutlets, were removed as necessary to maintain trap functionality. In 2009, traps were deployed for 16 wk beginning on 24 March and ending 9 July, 2 wk before Nonpareil harvest at Kern Co. Þeld sites, for a total of 15 observations per trap. In 2010, traps were deployed for 20 wk from 22 March until 27 July, the week of Nonpareil harvest at Kern Co. Þeld sites, for a total of 19 observations per trap.
Statistical Analyses. The total number of moths caught per trap was not normally distributed and no standard transformation could normalize these data, hence nonparametric statistical procedures were employed to analyze trap captures. A one-way analysis of variance (ANOVA) was performed on the rank data for the total number of moths trapped per bait type by orchard type for 2009 and 2010 separately and combined with the KruskalÐWallis test (PROC NONPAR1WAY, SAS Institute 1999) . If the null hypothesis of no signiÞcant difference in the distribution of ranks was rejected, multiple comparisons on the rank averages were calculated, and two means were considered signiÞcantly different (P Ͻ 0.05) if the inequality was satisÞed (Conover 1999) .
Two-tailed P values were calculated with WilcoxonÕs two-sample test (ϭMannÐWhitney U test) (PROC NONPAR1WAY, SAS Institute 1999) when testing for a signiÞcant difference (P Ͻ 0.05) in the distribution of ranks within orchard and bait type between years. Averages and errors presented herein are on the nonranked data. All navel orangeworm adults trapped were used in the analysis.
Results
Trap Captures by Orchard Type. During the 16-wk observation period in 2009, a total of 1,303 navel orangeworms were caught in the mummy-baited wing traps. During the 20-wk observation period in 2010, a total of 615 navel orangeworm were caught for a 2 yr grand total of 1,918 navel orangeworm. Of this total number of moths, 13.3% (255) were collected in almond orchards and 86.7% (1,663) were caught in pistachio orchards.
Traps That Caught No Moths. All traps placed in pistachio orchards caught one or more moths in 2009, whereas four traps in 2010 caught no moths for the entire trapping period. Two of the four, which caught no moths, were baited with almond mummies only. In 2009 and 2010, observations from almond orchards yielded 11 and 17 traps, respectively, with no moth captures throughout the entire experiment. In 2009, nine of the 11 traps with no moth capture were baited with almond mummies only; the remaining two traps were baited with almond plus pistachio mummies. During 2010, seven of the 17 traps that caught no moths were baited with almond mummies only, and six of the 17 traps were baited with pistachio mummies only. In total, 32 traps (17%) of the 180 used over the 2 yr of this study caught no moths, four from pistachio orchards and 28 from almond orchards. Of the 32 traps, more than half (56% [18]) were baited with almond mummies only, whereas 13% (4) were baited with pistachio mummies only.
Also, of traps that caught moths, when combining all Þeld sites, observations on the total number of moths caught by bait type over the 2-yr study were similar for traps baited with pistachio mummies only and traps baited with pistachio plus almond mummies, comprising a combined 80% of the total trapped moths at 765 and 764, respectively. The total number of moths August 2012 NAY ET AL.: NAVEL ORANGEWORM MONITORING TRAPScaught in traps baited with almond mummies only was lower and represented 20% of the total moths captured. Trap Captures by Bait Type. When testing for differences in trap captures between bait types within orchard and year, signiÞcant differences were found in the rank trap captures by bait type in 2009 for both almond ( 2 ϭ 8.8, df ϭ 2, P ϭ 0.0125) and pistachio orchards ( 2 ϭ 14.1, df ϭ 2, P ϭ 0.0009) (Fig. 1A) . In 2009 pistachio orchards, traps baited with almond mummies only caught signiÞcantly fewer moths than traps baited with almond plus pistachio mummies (t ϭ 3.6, df ϭ 42, P ϭ 0.0009) or traps baited with pistachio mummies only (t ϭ 4.1, df ϭ 42, P ϭ 0.0002), which were not different from each other (t ϭ 0.52, df ϭ 42, P ϭ 0.62) (Fig. 1A) . A similar trend was found for traps in almond orchards in 2009, with fewer total moths caught in traps baited with almond mummies only compared with traps baited with almond mummies plus pistachio mummies (t ϭ 2.26, df ϭ 42, P ϭ 0.0293) or traps baited with pistachio mummies only (t ϭ 3.13, df ϭ 42, P ϭ 0.0032), which were not different from one another (t ϭ 0.87, df ϭ 42, P ϭ 0.39) (Fig. 1A) . In 2010, no differences were found in total trap captures among bait types in almond orchards ( 2 ϭ 4.5, df ϭ 2, P ϭ 0.11) or pistachio orchards ( 2 ϭ 2.5, df ϭ 2, P ϭ 0.28) (Fig. 1B) .
Trap Captures by Year. Total trap captures within orchard and bait type had variable responses between 2009 and 2010 ( Fig. 1A and B) . In almond orchards, total trap captures of traps baited with pistachio mummies only were different between 2009 and 2010, with 2009 trapping signiÞcantly more moths than in 2010 ( 2 ϭ 11.0, P ϭ 0.0009). Traps baited with almond mummies only ( 2 ϭ 0.17, P ϭ 0.68) or almond plus pistachio mummies ( 2 ϭ 2.5, P ϭ 0.12) were not different between 2009 and 2010 in almond orchards. In pistachio orchards, no difference was found between trap captures in 2009 and 2010 for traps baited with almond mummies only ( 2 ϭ 3.7, P ϭ 0.056), but a difference was found for traps baited with almond plus pistachio mummies ( 2 ϭ 7.3, P ϭ 0.007) and traps baited with pistachio mummies only ( 2 ϭ 12.3, P ϭ 0.0005), with more moths being trapped in 2009 for both bait types.
Trap Capture Seasonal Phenology. The seasonal patterns of female navel orangeworm trap captures were different between orchard type and across years but not within orchard type or between bait types within a given a year (Fig. 2) . Flight activity of navel orangeworm females in both pistachio and almond orchards was detected by all three trap bait types. On a macro level, trap captured were similar within orchard type, with the exception of 2010 almond orchards (Fig. 2C) . The overall number of moths caught in 2010 was reduced compared with 2009 for both orchard types. The onset of the Þrst ßight, adult emergence from the overwintering generation, started to increase during sample weeks 3 and 4 in pistachio orchards and sample weeks 5 and 6 in almond orchards in both 2009 and 2010 (Fig. 2) . In pistachio orchards the Þrst ßight lasted until week 8 in both years for a 5Ð 6-wk ßight duration; low levels were trapped in weeks 9 and 10. Trap captures in almond orchards indicated the Þrst ßight lasted until sample week 10 in 2009 ( Fig. 2A) , and low levels were detected until weeks 11 and 12 in 2010 (Fig. 2C) , for a 5Ð 6-wk Þrst ßight duration in 2009 and 7Ð9 wk duration in 2010. In pistachio orchards, the onset of the second ßight was not detected until sample week 13 in 2009 and sample week 17 in 2010 (Fig. 2B and D) . No second ßight was detected in almond orchards in 2010, but during 2009 the second ßight commenced within 1Ð2 wk of the Þrst ßight between sample weeks 11 and 12 and persisted until week 14 ( Fig. 2A and C) .
The decline in trap captures in pistachio orchards during sample weeks 5 and 6 in 2009 and weeks 8 and 9 in 2010 may be attributed to grower applied permethrin treatments for plant bugs. In almond orchards, hull split treatments were applied to soft shell blocks during sample weeks 12 and 13 in 2009 and weeks 13 and 14 in 2010 and may have caused a decrease in trap captures during these observation periods.
The greatest number of moths caught in a single sample week in 2009 was observed during the same sample interval in both orchard types, with counts totaling 51 and 200 in almond and pistachio orchards, respectively ( Fig. 2A and B) . It is not known whether 2009 plant bug treatments interfered with a potentially earlier peak trap capture in pistachio orchards. Peak trap captures in almond orchards occurred during week 9 in 2010, with a peak of 10 moths; and for pistachio orchards during week 6; with a peak of 147 moths ( Fig. 2C and D) . 
Discussion
Results of this study lead us to reject the null hypothesis that there is no difference in the number of navel orangeworm female moths caught in almond orchards between bait types. Similarly for pistachio orchards, we reject the null hypothesis that there is no difference in trap captures in pistachio orchards between bait types. We found that traps baited with pistachio mummies, even half as much by volume, caught signiÞcantly more navel orangeworm adult females in almond and pistachio orchards in the Þrst year of this study. Originally, we hypothesized that female moths emerging from almond mummies or pistachio mummies would have an oviposition bias for their respective host from which they emerged and hence the respective baited traps during the spring generation would reßect that in increased trap captures. The results herein indicate that preimaginal conditioning, i.e., HopkinsÕ host selection principal, does not apply to navel orangeworm in this monoculture setting. Adult oviposition bias for larval development hosts has been investigated, and support for other insects found, but more evidence against this hypothesis currently abounds in the literature (Barron 2001 ). Because we did not Þnd a pattern of moth trap captures that justiÞes this hypothesis, we conclude that navel orangeworms, rather than have a preference for the host from which they emerged as adults, search the environment for potentially all acceptable hosts with some hosts, or in this case traps baited with host material, being more attractive than others. Further research attempting to deÞne an optimum odor proÞle for navel orangeworm monitoring could improve sensitivity of traps and could be a better predictor of population abundance and ßight activity and is therefore justiÞed. Kuenen et al. (2008) found no difference in numbers of eggs per trap between almond and pistachio meats in a Þg (Ficus spp.) orchard. Inherent variation in the number of eggs deposited per female and host preference based on larval rearing conditions could have led previous experimenters to different conclusions. Our experiments, as well as those by Kuenen et al. 2008 were not choice or no-choice at the individual trap level by design; therefore we cannot directly infer host preference. However, the research conducted here does provide support for navel orangeworm having an afÞnity for traps baited with pistachios as compared with almonds. Across both years of this study, 2.9 and 1.8 times more female moths were caught in traps baited with pistachio mummies compared with traps baited with almond mummies in almond and pistachio orchards, respectively.
Interestingly, when traps were baited with a combination of almond and pistachio mummies in an equal volume, the resultant number of moths caught was similar to that of traps baited with pistachio mummies only. If there had been a purely additive dose response to bait type the total number of moths caught in the traps baited with half almond mummies plus half pistachio mummies would have been expected to be closer to 577 total moths (50% the pistachio only total plus 50% almond only total) rather than the 764 trapped. This suggests either the moths have a preference for pistachio mummies or reducing the amount of mummy material to half the volume did not alter the strength of the odor plume by an equal proportion during the observation period. This could be due to a variety of causes such as one of the hosts has an odor of greater magnitude, or that a low level synergism exists, or that we are more closely approximating a theoretical odor proÞle that maximizes navel orangeworm trap captures. Each of these possibilities bears further investigation.
In this study, we used entire ground almond and pistachio mummies as bait to attract moths to the traps where they get mired in the sticky material on the bottom of the trap and could be sexed, counted, and removed. When females get caught in the sticky bottom, they often continue to deposit numerous eggs until they succumb; often hundreds of eggs were deposited. Interestingly, during the peak of ßight activity navel orangeworm eggs were observed on all parts of the trap including the top, underside of the bottom, inside on the side walls, on the suspending wire, and also on the branch where the trap was attached. This oviposition behavior may suggest that these traps were perceived by the adult female as a viable host, similar to naturally occurring mummies. Previous research found that in a laboratory wind tunnel assay that only gravid females responded to the fatty acid oils present in almond meats as compared with males and virgin females (Phelan and Baker 1987) . In this experiment, Ͼ99% of the captured moths were females and most were gravid (E.A.B. and J. B. Bloese, unpublished data) as was evidenced by the large number of red (ϭfertilized) eggs found during trap inspections. Red eggs have been previously used as an indicator of mating status for navel orangeworm (Landolt et al. 1981) .
Traps in pistachio orchards caught 5.9 and 8.3 times more navel orangeworm than traps in almond orchards in 2009 and 2010, respectively. The difference is probably attributed to variations in tree biology and farmer cultural practices within the two orchard types resulting in different navel orangeworm carrying capacities. However, depending on harvest performance, mummy sanitation programs, and navel orangeworm infestation levels a large amount of overlap may exist in the potential population density between the orchard types.
The differences in the total number of moths trapped between years, 32.1% of the total was trapped in 2010, could be due to environmental factors or differences in collection of mummies used to make trap baits. Because mummies were collected each year during the winter before use in baits for subsequent spring and summer trapping, there could be inherent differences in the composition of the bulk material used to bait the traps. Future research aimed at minimizing the differences in the bulk material collected from the Þeld between years may reduce variation and provide a more standardized bait.
Also, many California nut growers and crop consultants have abundant mummies available to them in their orchards, which could be used in the process of trapping gravid navel orangeworm females as an economical, competitive, and renewable resource instead of the current waste product they are considered. These traps provide a promising tool for tracking navel orangeworm seasonal phenology and potentially an estimate of population density; research is currently underway investigating the use of these traps in mass trapping experiments at almond and pistachio ranches located throughout California.
